Introduction
Multiple Sclerosis (MS) is a chronic immune mediated disease of the central nervous system (CNS) which is characterised by the presence of widespread lesions affecting the brain, spinal cord and optic nerves. Inflammatory demyelination has traditionally been thought to be the main disease process in MS; however, axonal transection is increasingly being documented to occur early in the disease and to result in permanent disability. 1 Because of the widespread nature of these lesions within the CNS, MS results in a broad range of symptoms, which include visual, bulbar, sensory, motor, sphincter, cognitive, and neuropsychiatric, 2, 3 variable clinical presentations and disease course.
techniques in this illness. 15 Cognitive rehabilitation has the aim to reduce cognitive deficits and to improve patients' awareness and the ability to take their cognitive impairments into account in daily living activities; it also has the aim to promote neurobiological changes.
Although this research is still in its infancy, there have been some well-designed studies of cognitive rehabilitation for patients with MS that can provide a foundation from which to advance the field. Historically, most of the intervention implemented for use with MS patients involved learning and memory-based interventions, 15 but recently the focus has moved to other domains such as executive function and attention 21, 23, 30, 31, 32, 47, 48, 49 , since these are the cognitive functions that have been shown to be most affected by MS. Interventions based on these functions appear to lead to more consistent results. This element of novelty, however, requires further investigations. In addition, a few recent studies have explored the subtle active processes of neuroplasticity that might be driven by these cognitive treatments. These new aspects have not been analyzed in previous published reviews. 15, 16, 17 This study aimed to assemble a systematic review of the old and the more recent cognitive rehabilitation interventions in MS, including studies that have looked at neuroimaging as an outcome measure, describing the current status of the field, and providing directions for future research.
Methods
We carried out a systematic review of research studies that have focused on cognitive rehabilitation interventions for people with MS. The aim was to offer an overview of all published cognitive rehabilitation studies, and provide the reader with an objective assessment of the strengths and limitations of the methods and approaches used in the rehabilitation of cognitive symptoms in MS. We elected not to follow the strict inclusion criteria adopted by the Cochrane Collaboration, 16 because we wanted to provide a systematic and comprehensive overview of this research field, with a view of helping clinicians and researchers detect the strengths and weaknesses of different forms of intervention. For this reason we included pilot studies which would not meet the strict inclusion criteria of a Cochrane review, but might provide preliminary findings which could make a valuable contribution to this still evolving field. In addition, unlike previous reviews 15 , 16, 17 we also included studies that have looked at neuroimaging as an outcome measure to assess the neurobiological changes consequent to cognitive intervention.
An online literature search of PubMed and Web of Science using the terms cognitive rehabilitation, cognitive stimulation and cognitive training combined with multiple sclerosis and each of these cognitive domains attention, executive function, memory, learning, working memory, problem solving and language was undertaken for all articles published up until January 2014 (see Appendix). The reference lists from all identified articles were searched to complete the initial list of references. The abstracts or complete reports were reviewed to eliminate articles according to the following exclusion criteria: (1) not cognitive intervention, (2) theoretical article, (3) review articles, (4) studies that included people with other neurological conditions, (5) studies of paediatric participants, (6) non-peer reviewed articles, (7) non-English language articles, (8) case report, and (9) results of cognitive outcomes not reported. A total of 33 articles underwent a full review and classification with the aim of (1) characterizing important elements of each study, (2) identifying the cognitive domain(s) targeted, and (3) describing the intervention, results, outcome measures and the duration and frequency of each study. The quality of the scientific evidence provided by these articles was classified and an overall recommendation for the efficacy of this intervention was provided based on the US Preventive Service Task Force guidelines. 18 (Table 1 ).
-Please insert Table 1 about here -
Results
The literature search process is described in Figure 1 . Overall, we reviewed 904 studies, including overlapping search results from the two different databases. Duplicate publications were excluded and 351 full copies were retrieved and assessed for eligibility. On initial review of the citations, 36 articles were identified as research intervention studies of cognitive rehabilitation in MS. A closer inspection of the full articles showed that 3 of them met the afore-mentioned exclusion criteria and were therefore excluded. Of the 3 eliminated articles, 2 aimed to increase participants' knowledge of cognitive impairments and increase levels of self-efficacy to manage cognitive difficulties without any investigation of specific cognitive outcomes; the other article described the increase of functional independence and QoL after a rehabilitation programme that included physiotherapy, occupational therapy and social work (non cognitive intervention).
-Please insert Figure 1 about here -
The 33 studies included in this review were published between 1993 and 2014. Cognitive tests, imaging techniques, self-perceived cognitive deficits, mood, quality of life and fatigue questionnaires were used as outcome measures. Detailed information are given in Table 1 and described below.
Cognition
All studies focused on cognitive outcomes. Although there was significant diversity in the cognitive domain targeted and the duration of each intervention, the majority of these studies reported some improvements (N=31). Almost half of the studies have been carried out with patients with mixed types of MS (relapsing-remitting, primary progressive, secondary progressive) (N=15); fourteen studies included only relapsing-remitting MS patients (N=14);
finally four studies did not specify the typology of MS patients included (N=4).
Cognitive Training Parameters
The length of all cognitive rehabilitation treatments ranged from one day to 6 months, the number of intervention sessions varied from 1 to 36 and the frequency from twice per month to five times per week. One third of the studies (N=11) also tested the persistence of the effects of cognitive rehabilitation at follow-up. In addition to the heterogeneity between the studies, within-study variation was also noted (e.g. Jonsson et al 19 
Domains of Cognition
Another important aspect to be considered in the analysis of cognitive outcomes, is the typology of cognitive rehabilitation and the cognitive domain targeted. Of the 33 studies analysed in this review, the majority focused on one or two specific cognitive domains (N=23) and the remaining used a non-specific form of cognitive rehabilitation (N=10). The oldest studies focused on improvements of memory and new learning. The most recent publications focused on forms of cognitive rehabilitation targeted to improve other abilities including executive function, attention and processing speed. This change in approach seems to have yielded more beneficial effects, but findings are still preliminary. Brissart et al 22 compared the efficacy of a general cognitive intervention which included "multifunction" exercises with a control intervention based only on general discussion. All patients underwent a neuropsychological assessment before and after treatment. The results showed a small benefit of the cognitive programme mainly in memory and verbal fluency, but some improvements were also found in the control group. The authors concluded that the weak effect of this intervention could relate to the "non-specificity" of the cognitive rehabilitation.
More studies were thought to be needed to elaborate the effect of a more specific and focused cognitive programme. Mattioli et al 21 demonstrated the efficacy of an intensive cognitive rehabilitation program, by showing improved performance in tests of information processing, attention and decision making as well as over depression scores. The difference between these results and those from previous studies could be explained by the difference in the methodological approach: the treatment was very specific for divided attention, information processing and executive functions, and the frequency and duration was intense. Furthermore, Fink et al 23 showed that their specific executive function intervention programme was effective in treating some aspects of executive disturbance in MS. This treatment effect was stable over 1 year illustrating that their findings were lasting and not just transitory. However, Solari et al 24 reported that an isolated computer-assisted memory and attention rehabilitation was no better than a non-specific intervention in improving these functions. All of the above evidence suggests that no definite conclusions can be drawn about the effect of these factors on rehabilitation outcomes. Larger studies with bigger samples and longer follow-up periods are needed to generalize these results and to verify whether the effects of these cognitive rehabilitation treatment persist over time.
Imaging
Although a large number of studies (n = 33) have investigated the role of cognitive rehabilitation in the management of cognitive dysfunction in MS patients, only a few recent ones (n = 8) have explored the role of neuroplasticity that might be driven by these cognitive rehabilitation treatments. The majority of these studies (N=5) used active fMRI imaging paradigms even if they are markedly influenced by individual task performance; more recently three studies 31, 32, 48 have used a resting-state fMRI approach to explore changes in functional connectivity. One of the first task-based studies was carried out by Sastre-Garriga et al 25 to investigate the effect on brain activity of a cognitive rehabilitation programme during the execution of the PASAT test. After rehabilitation, patients showed increased brain fMRI response only in the cerebellum when compared with healthy subjects. Few years later Chiaravallotti et al 26 explored changes in cerebral activation during the execution of a word learning and a word recognition task after a behavioural memory intervention, the modified Story Memory Technique. Greater activation was evident in the treatment group during performance of a memory task within a widespread cortical network involving frontal and temporal regions; no significant changes were found in the cerebellum. This study was the first to demonstrate a significant change in cerebral activation resulting from a behavioural memory intervention. The main findings of these studies was the induction of a change in brain activation, in frontal and temporal regions, as well as in cerebellum, through cognitive rehabilitation. This increase in brain activation was thought to help compensate for the cognitive deficits seen in these patients 27, 28 since failure of such mechanisms as a result of disease damage progressively leads to cognitive deterioration. 29 Furthermore, Cerasa et al markedly influenced by individual task performance, they also performed resting-state functional MR imaging to control for this issue. The results demonstrated a significant treatment effect in several cognitive-related resting-state networks (e.g. anterior cingulate cortex, prefrontal cortex and posterior cingulate cortex), which showed an increase (or stability) of activity over time in the treatment group but a decrease in the control group.
Recently the same research group 32 investigated whether the benefits of this cognitive rehabilitation persisted six months after the end of treatment. Results showed that changes in resting-state functional connectivity of cognitive-related networks help to explain the persistence of the effects of cognitive rehabilitation at follow-up. These preliminary studies highlight the important role of neuroimaging techniques in the assessment of cognitive rehabilitation; however further investigations with bigger sample size are needed to confirm the present findings and to improve rehabilitation programmes.
Mood, Fatigue, Quality of Life (QoL) and self-perceived cognitive deficits
It is well established that the cognitive deficits in MS patients have a negative effect on their personal, occupational and social lives. 33 In the majority of the cognitive rehabilitation studies, outcomes were also evaluated with self rating mood questionnaires (n = 19), questionnaires on fatigue (n = 10), QoL (n = 10) and subjectively experienced effects of cognitive problems (n = 4). The studies provided evidence about the positive effect of cognitive rehabilitation on mood (N=4), fatigue (N=2), QoL (N=4) and self-report outcomes (N=2). Vogt et al 20 suggested that the most important finding in their study with regard to treatment effects was a significant decrease in self-reported fatigue in both groups. However, no improvements in depression were found in the treatment groups and self-reported quality of life revealed no significant treatment effect. Rosti-Otajarvi et al 34 
Conclusions and future directions
This review aimed to evaluate the effects of neuropsychological rehabilitation in MS including old and new studies, describe the current status of the field, and provide direction for ongoing MS research. Our investigation showed that the oldest studies focused on rehabilitation of memory and new learning, but most recently the focus of interventions has moved to cognitive rehabilitation treatment targeted to improve other abilities such as executive function, attention and processing speed and these latter studies have led to more consistent findings and better treatment effects.
The potential for individuals to improve their own cognitive brain health by habitually exercising high-order mental strategies is intriguing and is just beginning to be more fully In a detailed theoretical framework, Lövdén et al 41 refined the notion of adult cognitive plasticity. The authors suggested that cognitive plasticity is driven by a prolonged mismatch between functional organismic supplies and environmental demands and denotes the brain's capacity for anatomically implementing reactive changes in behavioural flexibility.
On this basis, it was suggested that cognitive interventions attempting to improve processing efficiency should administer practice tasks that tap one central cognitive process. 41 Targeting a specific cognitive process, rather than tasks that involve several processes, should maximize the duration and magnitude of a supply demand mismatch (given limited amount of time and The study of cognitive rehabilitation has recently moved towards the use of models describing changes in brain structure and function that result from neuroplastic effects.
44
Study designs incorporating neuroimaging measurements and experimental hypotheses linking cognitive exercises with specific mechanisms of neural modifications should be taken into account. So far, only a few studies based on neuroimaging measures have been published.
These were explorative and have described remarkable changes in brain structure and/or function. However, they have not detailed the exact mechanism by which the repeated administration of exercises would influence the neural substrate by inducing specific expected changes.
Some preliminary studies have reported findings suggesting that it is possible to induce an increase in brain activation through cognitive rehabilitation; however, the role of fMRI in the assessment of cognitive rehabilitation schemes warrants further investigation. Welldesigned studies with MS patients, rehabilitated with different techniques are needed to elucidate the nature of the functional correlates of cognitive improvement. Future studies should also include the appropriate measurement of benefits triggered by the cognitive rehabilitation treatment, using the most appropriate neuroimaging techniques, in association with classical testing of cognitive function and, possibly, daily-life functionality. Finally, on the basis of several studies we can conclude that there is controversial evidence related to the impact of cognitive rehabilitation intervention on patients' mood, quality of life and selfperceived cognitive deficits. Appropriate outcome measures should be used to explore shortterm changes (e.g. the use of new cognitive strategies, changes in level of productivity, or measures of subjective well-being) and not only measures such as quality of life that may take longer periods of intervention to result in measurable change.
To make further progress in the field of cognitive rehabilitation in MS, future studies should take into account the above mentioned observations as well as the need to focus on methods which are potentially of paramount importance from the patients' perspective: being able to 
